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Abstract 
The Friedel-Crafts reaction, a widely used reaction in both industrial and academic laboratories, produces 
several byproducts which must be handled as pollutants. An alternative which involves the 
photochemically-mediated reaction of an aldehyde with a quinone is described. This alternative chemistry 
can be applied to direct syntheses of the ring systems of the benzodiazepines and benzoxepins. 
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Chapter 6 
A Photochemical Alternative 
to the Friedel—Crafts Reaction 
George A. Kraus, Masayuki Kirihara, and Yusheng Wu 
Department of Chemistry, Iowa State University, Ames, IA 50011 
The Friedel-Crafts reaction, a widely used reaction in both industrial and 
academic laboratories, produces several byproducts which must be 
handled as pollutants. An alternative which involves the 
photochemically-mediated reaction of an aldehyde with a quinone is 
described. This alternative chemistry can be applied to direct syntheses 
of the ring systems of the benzodiazepines and benzoxepins. 
One of the research themes under active investigation by our group is the development 
of a set of generic reactions which will ultimately replace reactions that generate 
pollutants. That is, the objective of our research is to prevent pollution at the source. It 
is important to realize that pollution prevention is a long range undertaking. 
Redesigning the landscape of industrial organic chemistry will require rethinking a 
number of fundamental assumptions. At the outset, one of the issues that we addressed 
was what type of reagent would best fit the objectives of pollution prevention. An ideal 
reagent would be recyclable and would not harm the environment. We concluded that 
either electricity or light would be the best reagents. We elected to use visible light, in 
part because we already had considerable experience with organic photochemistry and 
in part because we felt that it could emerge as the more economical of the two choices. 
Another consideration is the concept of atom economy (1). According to the concept of 
atom economy, the optimal reaction would be one in which every atom in the starting 
materials would become part of the products. Our group has developed an alternative 
to the traditional Friedel-Crafts reaction which uses visible light and is entirely 
consistent with the goals of atom economy. 
Shown below are three pharmaceutically-important drugs, each currently 
CH 
CH 2 CH2NMe2 
doxepin diazepam (Valium) ibuprofen 
0097-6156/94/0577-0076$08.00/0 
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Produced annually in ton quantities (2). They are industrial objectives for which the riedel-Crafts strategy has frequently been used. From the point of view of pollution 
prevention, there are a number of reasons why alternatives must be considered. The 
Friedel-Crafts pathway involves corrosive and air sensitive acid chlorides, Lewis acids 
such as aluminum chloride, stannic chloride or titanium tetrachloride and solvents such 
as nitrobenzene, carbon disulfide, carbon tetrachloride or methylene chloride (3). 
Although some research directed toward minimizing the amount of Lewis acid needed 
for the Friedel-Crafts reaction has been reported, this modification requires elevated 
temperatures (4). Friedel-Crafts reactions conducted with acidic resins have also been 
reported. This research appears promising but is in the early stages (5). Obviously, an 
attractive alternative to the traditional Friedel-Crafts reaction would have an impact on 
pollution prevention. 
Experimental 
Representative Procedure. Benzoquinone (4.80 g, 44.4 mmol) and freshly 
distilled butyraldehyde (20 mL, 346.7 mmol) were dissolved in dry benzene (240 mL) 
and were degassed with nitrogen for 15 min. The solution was irradiated with a high-
pressure Hg-vapor lamp with a Pyrex filter for 5 days. The solution was concentrated 
in vacuo and the residue was purified by chromatography to afford 6.55g (82% yield) 
of la as pale yellow crystals. 
Spectral Data of Compounds from Table I. 2,5-Dihydroxyphenyl-l-butanone 
(la): M.p. 94-96 °C (Η-benzene). Lit.7 m.p. 96 °C. 
2,5-Dihydroxyphenyl (phenyl) methanone (lb): TLC (hexanes:ethyl acetate= 4:1) Rf = 
0.38; mp 121-123 °C (Η-benzene). Lit.9 m.p. 122-124 °C. 
2,5-Dihydroxyphenyl-2-buten-l-one (lc): NMR (CDCI3) d 1.97 (d, 3 H/2, J = 7 Hz), 
2.02 (d, 3 H/2, J = 7 Hz), 6.01-6.07 (m, 1 H), 6.74-6.78 (m, 1 H), 6.87-7.05 (m, 2 
H), 7.12-7.26 (m, 1 H), 12.27 (s, 1 H); IR (CH2C12) 1730, 1650, 1590 cm-1; HRMS: 
m/z for C10H10O3 calcd. 178.06299, measured 178.06273; TLC (hexanes:ethyl 
acetate= 4:1) Rf = 0.31; mp 114-116 °C (CHCI3-EA). 
3-Phenyl-l-(2,5-dihydroxyphenyl)-2-propen-l-one (Id) TLC (hexanes:ethyl 
acetate= 4:1) Rf = 0.32; mp 168-170 °C (Η-benzene). Lit.4 m.p. 170 °C. 
2,5-dihydroxyphenyl (2-methoxyphenyl) methanone (le): NMR (CDCI3) d 3.80 (s, 3 
H), 6.80 (s, 1 H), 6.92-7.09 (m, 4 H), 7.27-7.30 (m, 1 H), 7.49 (t, 1 H, J = 7 Hz), 
11.75 (s, 1 H); IR (CH2C12) 1610 cm"1; HRMS: m/z for Ci 4 Hi 2 0 4 calcd. 244.07356, 
measured 244.07312; TLC (hexanes:ethyl acetate= 4:1) Rf = 0.25; mp 145-148 °C 
(H-CHCI3). 
3-(2-Furanyl)-2,5-dihydroxyphenyl-2-propen-l-one (If): NMR (CDCI3) d 5.65 (s, 1 
H), 6.50-6.51 (m, 2 H), 6.69 (d, 1 H, J = 3 Hz), 6.73-6.78 (m, 2 H), 6.94-6.98 (m, 
2 H), 7.53-7.57 (m, 2 H); IR (CH2C12) 1720, 1630 cm"1; HRMS: m/z for C13H10O4 
calcd. 230.05791, measured 230.05763; TLC (hexanes:ethyl acetate = 4:1) Rf = 
0.48; mp 134-136 °C (CHCI3-EA). 
(l,4-Dihydroxy-2-naphthyl)-l-butanone (4a): TLC (hexanes:ethyl acetate= 4:1) 
Rf = 0.50; mp 141-143 °C (Η-benzene). Lit.» m.p. 143 °C. 
(l,4-Dihydroxy-2-naphthyl)phenylmethanone (4b): NMR (CDCI3) d 7.41-7.53 (m, 3 
H), 7.56-7.71 (m, 4 H), 8.11 (d, J= 4 Hz, 1 H), 8.50 (d, J= 4 Hz, 1 H), 13.54 (s, 1 
H). IR (CHCI3) 1600 cm-1; MS: CI (NH3) 282 (M+ + N H 4 ) ; TLC (hexanes:ethyl 
acetate = 4:1) Rf = 0.50; mp 124-126 °C (H-CHCI3). 
(l,4-Dihydroxy-2-naphthyl)-2-buten-l-one (4c): NMR (CDCI3) d 2.04 (d, 3 H, J = 7 
Hz), 7.01 (d, 1 H, J = 6 Hz), 7.08 (s, 1 H), 7.20-7.23 (m, 1 H), 7.57 (t, 1 H, J = 5 
Hz), 7.68 (t, 1 H, J = 5 Hz), 8.14 (d, 1 H, J = 5 Hz), 8.47 (d, 1 H, J = 5 Hz), 14.29 
(s, 1 H); IR (CH2C12) 1640, 1590 cm"1; HRMS: m/z for Ci 4 Hi 2 0 3 calcd. 228.07864, 
measured 228.07854; TLC (hexanes:ethyl acetate = 4:1) Rf = 0.33; mp 
183-186 °C (CHCI3-EA). 
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78 BENIGN BY DESIGN 
Results and Discussion 
The synthesis of the substituted benzophenone shown below provides an instructive 
example of what we are trying to do. In principle, it could be synthesized by several 
possible pathways. However, if one asked any group of organic chemists how to 
make this compound, the Friedel-Crafts pathway would be suggested as the first choice 
by almost everyone. This speaks to the conceptual redirection that needs to be made if 
pollution prevention is to be successful Our alternative involves the use of a quinone 
such as benzoquinone, an aldehyde and visible light (6). If the benzoquinone needed 
for the reaction was generated by the method of Frost (7), the overall approach would 
truly be environmentally benign. 
To the best of our knowledge, this reaction was discovered in the late 1800s by 
Klinger and Kolvenbach (8). Given the technology available at that time, the reaction 
was undoubtedly mediated by visible light. This photochemical reaction has been 
employed in recent years by Bruce (9) and by Maruyama (10). Last year we reported a 
study of the scope and limitations of this reaction from the point of view of the 
aldehyde component (6). 
Table I shows reactions of aldehydes with benzoquinone and naphthoquinone. 
Some of the reactions have been conducted on a 20 gram scale. In more recent 
unpublished research, we examined the effects of ortho and para substitution. The 
Ο OH 
Ο OH 
Table I. The Synthesis of 2-Acylhydroquinones 
OH OH 
Quinone + RCHO 
OH 
1 
OH 
4 
Entry Quinone R % Yield Product 
1 2 Pr 82 
2 2 Ph 60 
3 2 CH3CH=CH 52 
4 2 PhCH=CH 65 
5 2 0-CH3OC6H4 62 
6 2 2-furyl-CH=CH 32 
7 3 Pr 77 
8 3 Ph 88 
9 3 CH3CH=CH 65 
la 
lb 
l c 
Id 
le 
If 
4a 
4b 
4c 
Quinone 2 is 1,4-benzoquinone and quinone 3 is 1,4-naphthoquinone. 
SOURCE: Adapted from ref. 6. 
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6. KRAUSETAL. A Photochemical Alternative to Friedel-Crafts Reaction 79 
yields shown are isolated yields after column chromatography. The successful results 
with the ortho isomer are significant, because the photochemistry of o-methyl 
X = 
CHO 
CI 
OMe 
Me 
C02Me 
OH Ο 
hv 
benzaldehyde is dramatically different from that of the para isomer. It is also significant 
from the point of view of synthetic planning, in that many industrially-significant drugs 
have substituents at the ortho-position on the aryl group. The compatibility of ester, 
ether and halide functionality is also noteworthy. 
X 
CHO 
X= OMe 
CI 
CH 3 
CHO 
77% 
73% 
79% 
42% 
OH 
As the photochemical reaction proceeds, a carbon-carbon bond is formed and a 
readily available aldehyde is transformed into an aromatic ketone. A possible 
mechanism is shown below. Electron transfer definitely plays a role here, but this 
mechanism adequately describes the reaction. 
Ο 
+ RCHO hv 
o. 
I 
OH 
1 Φ + 0 RC-11 
0 
Τ 
0 
excited state 
quinone radical 
coupling 
COR 
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80 BENIGN BY DESIGN 
Applications to Diazepam Synthesis. The Sumitomo process for diazepam is 
depicted below (77). According to some reports, this is a major route by which 
diazepam (Valium), a widely-prescribed anti-anxiety drug, is prepared on an industrial 
scale. I have highlighted three reactions in the Sumitomo synthesis. These reactions 
involve toxic or corrosive reagents which would best be avoided if pollution control is 
an objective. It is worth noting that almost all of the other published pathways for the 
synthesis of diazepam involve Friedel Crafts reactions in the key carbon-carbon bond 
forming step. 
COCH3 
Ph 
One of our alternative routes proceeds by way of the photochemically mediated 
addition of benzaldehyde to a benzoquinone bis-imine. Although the photochemically 
mediated reactions of aldehydes with imines have few precedents, we were pleased to 
find that the reaction of the bis-imine shown below with benzaldehyde afforded the 
desired product in 64% yield. The only drawback in this photochemical reaction was 
that the reduced benzoquinone bis-imine as produced. However, this appeared to be 
the only significant byproduct and of course this byproduct can be simply recycled to 
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N - C02tBu NHC02tBu 
^COPh 
NH 2 
PhCHO 
light 
H + 
Cl-
diazotization 
COPh 
NHC02tBu CI C02tBu 
form more benzoquinone bis-imine. What remains to be accomplished in our synthetic 
route is the conversion of the amine into a chloride (generally accomplished using a 
diazotization reaction) and the appendage of the diazepine ring. The latter step has 
already been reported to proceed well. 
Perhaps a more efficient route to the benzodiazepine skeleton could be achieved 
if the compound shown below could be efficiently transformed into a benzodiazepine. 
The benzophenone shown above has already been synthesized using our photochemical 
alternative to the Friedel-Crafts reaction. It was prepared by the reaction of 
benzoquinone and benzaldehyde and has been prepared on a 30 gram scale. 
Transformation into the benzodiazepine skeleton requires the replacement of a 
carbon-oxygen bond by a carbon-nitrogen bond; that is, the conversion of a phenol into 
an aniline. Surprisingly, very few researchers have reported the successful conversion 
of a phenol into an aniline (72). We are presently not only examining the reported 
methods but also are working on the development of a new synthetic procedure. 
An even more direct route would evolve from the connection of the two 
reagents shown below. Interestingly, the photochemically mediated reaction of a 
quinone with an imine has never been reported. If we can identify suitable reaction 
conditions for this transformation, we will have secured an exceptionally direct route to 
the benzodiazepine ring system. The imine required for this reaction has been 
previously synthesized and can readily be generated in multigram quantities by the 
condensation of benzaldehyde with the N-methyl amide of glycine. Even though the 
Ο Me Me 
photochemical counterpart is not known, it is worth noting that hydrogen atom 
abstraction reactions of imines derived from benzaldehyde have been reported. Since 
hydrogen atom abstraction by an excited state of benzoquinone is one of the initial steps 
in the mechanism of the reaction, there is a very good possibility that this reaction will 
be successful. 
OH Me 
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82 BENIGN BY DESIGN 
Applications to Doxepin Synthesis. The next synthetic objective to be discussed 
is doxepin (13). The structure of doxepin is shown below. Doxepin (also marketed as 
Adapin or Sinequan) is a tricyclic heterocyclic compound that is widely prescribed. 
Doxepin is prepared in very large quantities using a traditional Friedel-Crafts 
methodology. Of importance from the point of view of synthetic planning is that 
doxepin is sold as a mixture of E- and Z- double bond isomers. This leads to a 
simplification of the synthesis of doxepin. 
l.RMgX 
2. -H 20 CH 
CHzCHsNMeg 
doxepin 
Our alternate synthetic route is shown below. Our route involves the 
photochemically mediated reaction between the methyl ester of ortho formyl benzoic 
acid and benzoquinone. We have already shown that this reaction is successful. 
Significantly, in one step we have generated the entire ring system present in doxepin. 
aC02Me + CHO hv 
1. deoxygenation 
2. RMgX 
3. -H20 
doxepin 
The transformation of the seven-membered ring lactone into an ether and the 
deoxygenation of the phenol both have extensive literature precedent. Once this is 
successful, we will then have prepared an advanced intermediate in the industrial 
synthesis of doxepin. 
Conclusions 
The production of toxic pollutants has become a problem for industry, academic 
research labs and even undergraduate labs. Unless innovative strategies are developed 
to prevent pollution at the source, the problem is certain to become more serious in the 
coming years. The idea of using visible light (a "reagent" which can be safely used in 
large excess) to develop a new generation of alternative synthetic pathways has many 
advantages. The theoretical framework for photochemical reactions is already well 
developed. Many general photochemical reactions are known and their modification for 
the use of visible light is often straightforward. Scale-up of photochemical reactions 
has precedent, since a few photochemical reactions are already used on large scale in 
industry. One of the most common involves chlorination or sulfonation by a radical 
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6. KRAUS ET AL. A Photochemical Alternative to Friedel-Crafts Reaction 83 
process. A second photochemical reaction of major significance is the synthesis of 
vitamin D compounds from steroids. Photooxygenations involving singlet oxygen 
have also been used. For example, sensitized photooxygenation of citronellol is a key 
step in the industrial synthesis of rose oxide by Firmenich. Photopolymerization (for 
example by successive [2+2] cycloadditions) and photonitrosation are also industrially 
significant. 
Our alternate synthesis strategy has the goal of preventing pollution at the 
source. In order for this goal to be implemented, realistic synthesis routes must be 
created. Pollution prevention operates at several levels. The most likely immediate 
benefit of any new synthetic reagents or synthetic reactions will be seen at the level of 
the research lab, where relatively small quantities of compounds are manipulated. Once 
the value of the new synthetic method is recognized and the scope and limitations of the 
reaction are clearly defined, the new method will gradually be used on larger and larger 
scales, eventually gaining acceptance at the pilot plant or industrial scale. Once the 
syntheses presented herein have been successfully scaled up, these syntheses will 
actually represent attractive alternatives. If a commercial product such a diazepam or 
doxepin were prepared industrially using our methods, the environmental impact would 
be significant, not only in terms of not having to transport and use tons of toxic 
reagents but also in terms of not having to dispose of large amounts of toxic 
byproducts. This research represents the initial phase of a concerted effort in pollution 
prevention. We intend to develop additional photochemical alternatives in the coming 
years. 
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